Rice (Oryza sativa L.) has two ecotypes, upland and lowland rice, that have been observed to show different tolerance levels under flooding stress. In this study, two rice cultivars, upland (Up221, flooding-intolerant) and lowland (Low88, flooding-tolerant), were initially used to study their molecular mechanisms in response to flooding germination. We observed that variations in the OsCBL10 promoter sequences in these two cultivars might contribute to this divergence in flooding tolerance. Further analysis using another eight rice cultivars revealed that the OsCBL10 promoter could be classified as either a flooding-tolerant type (T-type) or a flooding-intolerant type (I-type). The OsCBL10 T-type promoter only existed in japonica lowland cultivars, whereas the OsCBL10 I-type promoter existed in japonica upland, indica upland and indica lowland cultivars. Flooding-tolerant rice cultivars containing the OsCBL10 T-type promoter have shown lower Ca 2+ flow and higher a-amylase activities in comparison to those in flooding-intolerant cultivars. Furthermore, the OsCBL10 overexpression lines were sensitive to both flooding and hypoxic treatments during rice germination with enhanced Ca 2+ flow in comparison to wild-type. Subsequent findings also indicate that OsCBL10 may affect OsCIPK15 protein abundance and its downstream pathways. In summary, our results suggest that the adaptation to flooding stress during rice germination is associated with two different OsCBL10 promoters, which in turn affect OsCBL10 expression in different cultivars and negatively affect OsCIPK15 protein accumulation and its downstream cascade.
INTRODUCTION
Rice (Oryza sativa L.) has a broad spectrum of stress tolerance levels among cultivars originating from different habitats. Rice cultivars can be divided into upland and lowland according to the water regime encountered (Uddin et al., 2016) . With prolonged growth in these particular habitats, rice cultivars form habitat-specific characteristics with complex internal and external perceptions and response mechanisms from natural selection (Uddin et al., 2016) . Once they are exposed to an environment different from their original habitats, alternative strategies need to be employed to counteract the negative effects triggered by abiotic stresses to ensure normal plant development (Colmer, 2002; Xia et al., 2015) . Thus, an increasing number of comparative studies have been performed among different rice cultivars to unravel underlying adaptive mechanisms in the last decade (Xia et al., 2015) .
Flooding stress is defined as the partial or complete submergence of plants in water (Sasidharan and Voesenek, 2015) . Flooding is considered a compound stress; it drastically reduces gas exchange (e.g. O 2 , CO 2 and ethylene) between plants and their aerial environment (Gibbs and Greenway, 2003) . Decreased gas exchange and low light intensity in turbid floodwaters also affect photosynthesis during complete submergence. The decline in molecular O 2 leads to the restriction of ATP synthesis and carbohydrate resources, which have major consequences for growth and survival. Oxygen depletion is not the only active stress component, and its impact is often restricted to non-photosynthesizing organs (Mommer et al., 2007) . Oxygen shortage conditions are defined as hypoxia (<20.9% and >0% O 2 at 20°C) or anoxia (0% O 2 at 20°C) according to different oxygen percentages in the atmosphere. However, hypoxia or anoxia is not restricted to flooding stress, but also appears in specialized tissues in plants. It is a frequent metabolic status during normal plant development, particularly in tissues with increased cell density, high oxygen demand and restricted gas diffusion, such as meristems, seeds, fruits and storage organs (Geigenberger, 2003; Gibbs et al., 2011; Licausi et al., 2011) . Therefore, understanding oxygen-sensing mechanisms, downstream signal transduction and metabolic alterations that promote survival has a significant impact on increasing crop yield, especially in flood-prone environments (Bailey-Serres and Chang, 2005) .
Most research on flooding tolerance focuses on relatively flood-tolerant species in the Oryza genus. Various adaptive mechanisms have been discovered in rice (O. sativa) that facilitate survival under oxygen-deprived conditions (Colmer, 2002) . By activating gibberellin (GA)-or ethylene-promoted internode elongation, rice can extend its shoots above the water surface to restore gas exchange, which is an adaptation found in deep-water rice (Hattori et al., 2009) . In contrast, some lowland rice cultivars repress growth to conserve energy until the floodwaters recede . Modern molecular and genetic studies have identified a group of transcription factors that are responsible for flooding tolerance and oxygen sensing in rice. The submergence-1 locus (SUB1) is a major quantitative trait locus that is responsible for submergence tolerance in flood-prone lowland rice (Siangliw et al., 2003) . The SUB1 locus contains three genes (SUB1A, SUB1B and SUB1C) that have ethylene response factor domains and are transcriptionally induced by submergence . SUB1B and SUB1C are present in many rice cultivars, whereas the presence of SUB1A is only detected in a few cultivars . SUB1A-plants can repress the GA-mediated induction of genes encoding a-amylase and expansins, which are involved in starch degradation and cell elongation in leaves, respectively Fukao and Bailey-Serres, 2008) . This process preserves energy until floodwaters recede Fukao et al., 2011; Schmitz et al., 2013) . However, it has also been demonstrated that SUB1A-independent responses to submergence are widely present in various rice cultivars (Lee et al., 2009; Niroula et al., 2012) .
In the past two decades, the hypoxic growth of the coleoptile has become an important model for studying SUB1A-independent mechanisms during rice germination. Previous studies have demonstrated that the CIPK15-SnRK1A-MYBS1-mediated sugar-sensing cascade plays a critical role in O 2 deficiency tolerance during rice seed germination (Lu et al., 2007; Lee et al., 2009) . Calcineurin Blike protein (CBL)-interacting protein kinase (CIPK) is a group of plant-specific serine/threonine protein kinases that belong to the SNF1-related protein kinase 3 (SnRK3) family. The members in this subfamily harbor an N-terminal kinase catalytic domain and a C-terminal conserved NAF (Asn-Ala-Phe) domain that is sufficient for interaction with CBL (Albrecht et al., 2001; Hrabak et al., 2003; Hepler, 2005) . CBL proteins and their interacting protein kinases (CIPKs) were originally identified in Arabidopsis (Kudla et al., 1999; Shi et al., 1999; Luan et al., 2002; Batistic and Kudla, 2004) . Upon calcium binding, CBLs have been demonstrated to undergo conformational changes that allow for hydrophobic interactions with other proteins (S anchez-Barrena et al., 2005) . Using homologous alignment with Arabidopsis, Kolukisaoglu and his co-workers first identified 10 OsCBLs and 30 OsCIPKs in rice (Kolukisaoglu et al., 2004) . Expression analysis indicated that most OsCBL genes and 20 OsCIPK genes were differentially induced by at least one kind of stress (Xiang et al., 2007) . Furthermore, several publications have uncovered critical roles for several OsCIPKs (i.e. OsCIPK3, OsCIPK12, OsCIPK14 and OsCIPK15) related to stress tolerance (Xiang et al., 2007; Lee et al., 2009; Kurusu et al., 2010) . However, the function of the OsCBL-OsCIPK complex under anaerobic germination remains unknown.
In this study, we aim to unravel the underlying mechanism of rice CBL proteins in response to flooding germination. We further discovered that OsCBL10, one protein member from rice CBLs, can participate in flooding responses during rice germination by comparing floodingtolerant (Low88) and flooding-intolerant (Up221) cultivars. In-depth analysis indicated that there is natural variation at the OsCBL10 promoter regions that affects OsCBL10 expression. Additionally, two different types of OsCBL10 promoters have been found in 10 various rice cultivars; these promoters are responsible for the differential expression of this gene among flooding-tolerant and floodingintolerant cultivars. OsCBL10 appears to be a universal component that can link upstream calcium signaling to the downstream sucrose pathway. It is intriguing that the flooding-tolerant type promoter is only present in lowland japonica cultivars, which provides supporting evidence and a molecular marker for crop breeding.
RESULTS
The rice cultivars Up221 and Low88 respond differently under flooding treatment during seed germination
The mechanism in response to flooding stress is distinct between germinating seeds and adult plants in rice (Lee et al., 2009) . For example, the shoots of some submergencetolerant rice cultivars that contain Sub1A stop elongating underwater for energy conservation Magneschi and Perata, 2009) , whereas coleoptiles from some submergence-intolerant rice cultivars that lack Sub1A, i.e. Nipponbare and M202 , elongate vigorously (Ismail et al., 2009) . To investigate the relationship between rice ecotypes (e.g. lowland or upland) and flooding tolerance, one upland (Up221) rice cultivar and one lowland rice cultivar (Low88) were selected for initial phenotype characterization. The results indicated that germination and coleoptile elongation were more or less the same between Up221 and Low88 under aerobic conditions ( Figure 1a) . However, Low88 grew normally and elongated its coleoptiles during flooding germination, whereas the seed germination of Up221 was hampered in terms of coleoptile length under flooding treatment (Figure 1b) . Furthermore, the survival percentage of the Low88 cultivar was significantly higher than the Up221 cultivar ( Figure 1c ).
Several hypotheses have been proposed to explain the hypoxic growth of the rice coleoptile (Masuda et al., 1998) . Different abilities to elongate the coleoptile under flooding stress might influence crop establishment in submerged fields, especially because coleoptile extension plays a key role in enabling the seedlings to make contact with the atmosphere and thus gain access to O 2 (Huang et al., 2003) . However, there is a negative correlation between underwater elongation and plant survival (Jackson and Ram, 2003) . In this study, most of the Low88 seedlings (c) The survival rates of seeds growing in the air and after flooding (hypoxia conditions) for 5 days. Values are the means AE SD of 10 replicates. Each data point was the mean of the measurements (n = 30) from three independent experiments. **Represents significantly higher than the air control (P < 0.01) according to Student's t-test.
survived after 10 days of flooding treatment, whereas more than half of the Up221 seeds did not survive (Figure 1c) , demonstrating the promising ability of Low88 to survive prolonged flooding. However, the underlying mechanism of the flooding tolerance in Low88 remains to be elucidated.
OsCBL10 emerges as a candidate gene to mediate calcium signaling during flooding germination Developmental processes such as pollen tube growth have long been known to require highly concentrated cytoplasmic calcium ([Ca 2+ ] cyt ) (Iwano et al., 2009) . However, whether calcium signaling is important in flooding germination remains unclear. Therefore, the real-time kinetics and spatial characteristics of Ca 2+ flow were examined in the flooding-tolerant (Low88) and flooding-intolerant (Up221) cultivars using a Ca
2+
-selective microelectrode ( Figure 2 ). Under flooding stress, the coleoptile tips of the hypoxia-intolerant rice cultivar (Up221) exhibited a higher Ca 2+ inflow rate than the hypoxia-tolerant one (Low88; Figures 2a and b) . Meanwhile, the spatial characteristics of Ca 2+ flow in the rice variety seedlings were measured at a variety of distances away from the coleoptile tips (0, 50, 100, 150, 200, 250, 300, 350, 400, 450, 500 and 550 lm) .
Aside from the 50-200 lm zone, which is for plumule projection, no significant differences were observed in the Ca 2+ flow in the other regions of the coleoptile (Figures 2c   and d) . Subsequently, the net calcium level fluctuated severely in the flooding-intolerant cultivar (Up221) compared with Low88 (Figure 3a) perception (Dodd et al., 2010) . To further investigate the importance of the cytoplasmic Ca 2+ signal on the germination of rice cultivars during flooding, the CaM antagonist trifluoperazine (TFP) and the CBL inhibitor cyclosporin A were used (Figure 3b ). The introduction of 1.5 lM TFP to the flooded seeds did not result in significant phenotypic changes compared with the water control, suggesting that CaMs may not play an important role in flooding germination. Surprisingly, the addition of 1.5 lM cyclosporin A weakened the tolerance of Low88 and increased the flooding tolerance of Up221 (Figure 3b ). Subsequently, it also decreased the Ca 2+ flow in Up221 to the level of Low88
( Figure S1 ), indicating that rice CBLs may play crucial roles in response to flooding germination. To locate which genes in the CBL family are involved in rice seed flooding germination, semi-quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) was performed. The gene expression data from the flooding-tolerant seedlings (Low88) were concordant with previous microarray results ( Lasanthi-Kudahettige et al., 2007) . Several rice CBLs, including OsCBL1, OsCBL2, OsCBL3, OsCBL4, OsCBL6 and OsCBL10, displayed differential expression patterns between the flooding-tolerant (Low88) and flooding-intolerant (Up221) rice cultivars ( Figure 3c) ; the other CBLs were either not detected or did not show significant differences in their expression levels. In addition to OsCBL10, the remainder of the OsCBLs was induced by flooding treatment. Additionally, OsCBL10 had constant low expression in the flooding-tolerant seedlings (Low88) and was highly expressed in the flooding-intolerant seedlings (Up221; Figures 3c and d), implying that it could be the candidate gene for the phenotypic variations between these two cultivars during flooding germination.
To further characterize the function of OsCBL10 during rice flooding germination, OsCBL10 over-expression (OE) lines were generated and subjected to flooding treatment. The OsCBL10 coding sequences from indica and japonica rice were similar, encoding a protein with one amino acid difference. However, they showed some differences from the sequences provided in the online indica rice database ( Figure S2 ). Six more amino acid differences were detected by DNA sequence analysis. The japonica-type coding sequence for OsCBL10 was finally chosen to generate the OE lines for the background of the wild-type (WT) japonica cultivar (Nipponbare) . The CBL10-OE lines were more sensitive than the WT lines under both flooding germination and hypoxia treatment (Figures 3e and S2 ), and the net calcium level fluctuated more in the three OE lines than in the WT seedlings (Figure 3f ), indicating that OsCBL10 is an important component for conferring flooding tolerance during rice germination. However, the mutant generated using CRISPR-Cas9 technology was embryo lethal ( Figure S4 ), which was inconvenient for additional phenotypic analysis.
Drastic changes in the promoter regions of OsCBL10 among rice cultivars contribute to its differential regulation during flooding germination The small differences in the OsCBL10 coding sequences between the indica and japonica cultivars suggest that the differential expression of the two cultivars' transcripts may result from their promoter regions. Thus, the promoter sequences of OsCBL10 in these two cultivars were isolated and subject to DNA Sanger sequencing. Intriguingly, the alignment showed considerable differences between these two promoter sequences ( Figure S5 ). The major differences are labeled D1, D2 and D3, and they may be responsible for the differential regulation. The D2 region is where the regulatory promoter is often located, and serves as a good candidate region for further investigation of the differential induction of these two types of promoters.
To test whether OsCBL10 is a universal component in response to flooding treatment among rice cultivars in nature, we used the relative seedling growth rate to determine the tolerance phenotype during flooding germination in eight other rice cultivars (Figures S6 and S7) . Some japonica rice varieties, including Low11, Low60 and LowN, were able to achieve coleoptile elongation under hypoxic conditions (Table S1 ). However, this tolerance phenotype in response to hypoxic germination could not be demonstrated in the other rice cultivars, such as Low6, Low63, Up1, Up3 and Up502 (Table S1 ). Although all four tested upland rice cultivars were flooding-intolerant, floodingintolerant lowland rice cultivars were also identified (Figures S5 and S6;  Table S1 ). The differential regulation of the OsCBL10 transcripts likely causes the phenotypic differences observed between flooding-tolerant and flooding-intolerant rice cultivars. However, the underlying mechanism remains unknown. The 5 0 -flanking sequence of OsCBL10 was then cloned from the different rice cultivars (i.e. Low88, Low60, Low11, LowN, Low6, Low63, Up221, Up502, Up1 and Up3). Four flooding-tolerant cultivars (Low88, Low60, Low11 and LowN) have a T-type promoter, while the flooding-intolerant cultivars (Low6, Low63, Up221, Up502, Up1 and Up3) have an I-type promoter (Figure 4a) , revealing the regulatory functions of these two promoter types in response to flooding treatment. The results also showed that all the flooding-tolerant cultivars (with the T-type promoter) showed less fluctuation in their To further confirm the transcriptional activities of the Ttype and I-type promoters under flooding stress, we conducted transient expression assays in tobacco leaves and stable transformation in rice. Compared with the T-type promoter, the I-type promoter was highly induced by flooding stress. In tobacco leaves, the I-type promoter was induced by fivefold in terms of GUS activity compared with the air control, whereas the T-type promoter was increased by only twofold (Figure 4b ). Furthermore, GUS expression was strongly induced in the coleoptiles of rice seedlings transformed with the I-type promoter (Figure 4c and d) , suggesting that the differential expression detected among the flooding-tolerant and flooding-intolerant rice cultivars resulted from the distinct responses from their promoters.
OsCBL10 transcript levels affect OsCIPK mRNA stability and the enzyme activity of the downstream components during flooding germination Although initial findings demonstrated the involvement of OsCBL10 in flooding germination, the pathway downstream of this protein remains unclear. The seed germination in the flooding-tolerant rice cultivar (Low88) was similar to that of the cipk15 mutant (Lee et al., 2009) , implying that the discrepancy in the phenotypes observed between Up221 and Low88 may be linked to the conventional CIPK15-SnRK1A-MYBS1-mediated sugar-sensing cascades in response to flooding germination. To further unravel the downstream signaling components of OsCBL10, the transcript levels of its potential interacting partners (OsCIPKs) were examined by RT-PCR. Some OsCIPKs, including OsCIPK1, OsCIPK8, OsCIPK14, OsCIPK15 and OsCIPK19, were induced during flooding germination in both cultivars (Figure 5a ). In contrast, three OsCIPKs, OsCIPK5, OsCIPK20 and OsCIPK30, were downregulated under flooding treatment (Figure 5a ). Although the CIPK15 transcript levels showed no differences between Low88 and Up221 (Figure 5b ), the expression of the a-amylase gene (OsAMY3) was downregulated in the flooding-intolerant (Up221) seedlings (Figure 5c ). Correspondingly, the enzyme activity of a-amylase showed the same trend as the OsAMY3 transcript levels (Figure 5d ). Because the mobilization of starchy endosperms from germinated cereal seeds into sugars requires a number of hydrolytic enzymes (Sun and Henson, 1991) , a-amylases have been considered to be the key enzymes that are capable of hydrolyzing native starch granules in endosperms. The expression pattern of the above-mentioned genes suggests that OsCBL10 may communicate the upstream calcium signaling and downstream sugar-sensing cascades through CIPK15 or other unknown CIPKs in response to flooding stress.
OsCBL10 regulates OsCIPK15-mediated sugar-sensing cascades in a common mechanism among 10 rice cultivars during flooding germination than the flooding-intolerant cultivars. Similarly, the transcript levels of OsCBL10 and OsAMY3 and their corresponding a-amylase activities were higher in the flooding-tolerant cultivars than in the flooding-intolerant ones (Figure 6c and d) . In contrast, OsCIPK15 expression was induced, although no differences were observed between the flooding-tolerant and flooding-intolerant cultivars ( Figure 6c ). Further analysis indicated that the protein levels of both OsCIPK15 and OsAMY3 correlated with the transcript levels of OsCBL10 in the eight tested rice cultivars (Figure 6e ), indicating that OsCBL10 could be a general mechanism in Sub1A-deficient rice cultivars to communicate with upstream calcium signaling and downstream flooding responses.
DISCUSSION
Flooding tolerance during rice germination is an important economic trait in agriculture
The anthropogenically induced change in world climate increases the frequency of heavy precipitation and tropical cyclone activity (http://www.ipcc.ch). This situation is likely to bring more frequent flooding events in arable farmlands and river floodplains, directly affecting the productivity of arable farmland and the incomes of the world's poorest farmers (Setter and Waters, 2003) . To minimize agricultural losses, understanding adaptation mechanisms to flooding stress is crucial. Furthermore, flooding germination tolerance can produce uniformly germinated seeds, which is an important trait in agriculture (Kretzschmar et al., 2015) . Uniformly germinated seeds are characterized by rapid elongation of the coleoptile in submerged seeds combined with delayed radicle development (Lasanthi-Kudahettige et al., 2007) . The rice cultivars used in this study showed different abilities in response to flooding germination (Table S1 ), indicating the variability of genetic resource backgrounds, which may serve as good candidates for molecular study. It has been recently documented that hypoxia is not only a stress condition but also an important ecological component for regulating seedling development in Arabidopsis (Abbas et al., 2015) . Although the biochemical and molecular mechanism of rice germination and seedling growth under hypoxic or anoxic conditions remains largely unknown, the capacity of rice seedlings to perform starch hydrolysis via amylases greatly influences the growth and elongation of the coleoptiles (Ismail et al., 2009; Lin et al., 2014) . In plants, source-to-sink communication is crucial in regulating crop productivity (Lin et al., 2014) . The recent identification of a trehalose-6-phosphate (T6P) phosphatase (OsTPP7) through map cloning indicated that this process is also pivotal in response to h. Total proteins were extracted for GUS activity determination (n = 4, AESE). *P < 0.05 and ***P < 0.001. (c) Hypoxia responses in the two types of OsCBL10 promoters. Stable transgenic rice seeds containing either pCAMBIA1301-J88::GUS or pCAMBIA1301-35S::GUS were subjected to air or hypoxia treatment for 6 days. GUS histochemical staining was performed to show the differential responses between these two types of promoters. Scale bar: 1 cm.
(d) GUS activity measurement of the two types of promoters in transgenic rice harboring pCAM-BIA1301-J88::GUS (T-type) and pCAMBIA1301-I6:: GUS (I-type) constructs. Wild-type (WT) seeds were used as a negative control. Total proteins were extracted for GUS activity determination (n = 3, AESE). *P < 0.05 and **P < 0.01.
flooding stress. OsTPP7 was proposed to increase the sink strength in proliferating heterotrophic tissues through enhanced T6P turnover. Two most abundant OsTPPs, OsTPP1 and OsTPP2, were analyzed at the transcript level together with OsTPP7 during flooding germination (Figure S10) . Various changes were detected in these three genes between flooding-tolerant and flooding-intolerant cultivars, suggesting that OsTPPs may not be regulated by the OsCBL10 pathway among these cultivars. Therefore, starch mobilization was enhanced to supply germinating seeds, which strengthened flooding tolerance during seed germination (Kretzschmar et al., 2015) . Intriguingly, this phenomenon is independent of mature plant submergence tolerance in rice varieties (Lee et al., 2009 ), implying that a completely different mechanism may protect rice plants against flooding stress during seed germination.
Calcium signaling is pivotal in response to flooding stress
To cope with environmental stimuli, precise regulatory mechanisms have evolved in plants that can perceive, transduce and respond to those stimuli that can negatively affect growth and plant development. Calcium ions, as ubiquitous physiological transducers, have been firmly shown to function in these processes (Evans et al., 2001) . Thus, the embryo-lethal phenotype of OsCBL10-Cas9 mutants might result from the influence of low calcium concentrations on pollen tube growth ( Figure S4 ). However, little is known about specific coding events in calcium transients. The currently available evidence has only firmly established the function of calcium transients in guard cells (Dodd et al., 2010; Kudla et al., 2010 (Sedbrook et al., 1996) . The CBL calcium sensor/CIPK protein kinase network represents an example of significantly divergent Ca
2+
-decoding paradigms that are unique to plants . Similar to CaMs, CBLs are a group of small proteins composed of two globular domains connected by a short linker. Each domain contains two EF-hand motifs harboring variable degrees of conservation compared with canonical sequences in CaMs, suggesting that different Ca 2+ affinities most likely contribute to specific responses (Nagae et al., 2003) . In this study, we found that the net calcium fluctuated severely in the flooding-intolerant cultivar (Low88) compared with Up221 (Figure 3a) , implying that calcium-binding proteins participate in rice flooding germination. The CaM antagonist TFP and the CBL inhibitor cyclosporin A were used to determine the function of Ca 2+ response to flooding tolerance (Figure 3b ). The introduction of 1.5 lM TFP to the flooded seeds did not show significant phenotypic changes compared with the water control, while the addition of 1.5 lM cyclosporin A weakened the tolerance phenotype in Low88 and increased the flooding tolerance of Up221 (Figure 3b ). These results suggest that rice CBLs, not CaMs, may play crucial roles in the response to flooding germination.
Natural variation in the two types of OsCBL10 5 0 -flanking regions regulates flooding adaptation among different rice cultivars
Using the CBL inhibitor cyclosporin A, we determined that CBLs play a pivotal role in flooding tolerance in 10 rice cultivars. The expression pattern of rice CBL genes has been subsequently analyzed. The results indicated that OsCBL10 had constant low expression in the flooding-tolerant seedlings (Low88) and high expression in the flooding-intolerant seedlings (Up221; Figure 3c and d), implying that it could be the candidate gene for the phenotypic variations between these two cultivars during flooding germination. The OsCBL10 overexpression line also supported this hypothesis, as the CBL10-OE lines were more sensitive than WT under both flooding germination and hypoxia treatment (Figures 3e and S3 ). The net calcium fluctuated more in the three OE lines than in the WT plants (Figure 3f) . Additionally, downstream a-amylase activities were consistently lower in the CBL10-OE lines than in the WT seeds during flooding germination ( Figure S11 ). However, cyclosporin A also inhibited coleoptile elongation in Low88, which has low levels of OsCBL10, indicating that other CBLs may participate in this process.
No significant differences were observed in the OsCBL10 coding sequences between Low88 and Up221. However, drastic changes in their promoter regions have been discovered ( Figure S5 ). The promoter is defined as a region of deoxyribonucleic acid (DNA) sequence that drives the expression of a gene or a set of genes. A typical eukaryotic promoter contains three representative elements, including the distant control region, regulatory promoter and core promoter region. The distant control region is distal from the transcription start site (TSS), normally several kilobases (kb) away, and it controls the accessibility of the entire locus by barring distant enhancers or silencers. In contrast, the regulatory promoter is usually closely associated with the TSS (several hundred bp), which is enriched in cis-elements/motifs for the binding of regulatory transcriptional factors . In this study, the D2 region was approximately in the CBL10 regulatory promoter region. The I-type (À880 to À311) and T-type (À678 to À306) promoters displayed large variations in terms of DNA sequence in D2 ( Figure S5) . Additionally, the I-type promoter was 200 bp longer than the T-type promoter in this region, suggesting that this region may contain the cis-elements that are responsible for hypoxic induction during rice germination. Computer-aided analysis found two CAAT enhancers and one anaerobic-responsive ciselement (TGGTTT) within this region, which serve as good candidates for further investigation.
Further characterization using eight additional rice cultivars suggested that all the T-type promoter-containing cultivars showed flooding-tolerant phenotypes, whereas the remainder of the flooding-intolerant cultivars had I-type promoters at the OsCBL10 locus. Interestingly, the T-type promoter was only present in the lowland japonica cultivars. In contrast to Sub1A, which was only present in the lowland indica cultivars, the OsCBL10 regulatory mechanism may represent another strategy to cope with flooding during rice germination in lowland japonica cultivars. Furthermore, OsCBL10 knockout with a CRISPR/Cas9 approach was embryo lethal, providing additional evidence to explain why the variation occurred in its promoter region but not the coding sequence.
CBL-CIPK-mediated decoding of Ca 2+ signatures regulated flooding tolerance in rice
The CBL-CIPK-mediated decoding of Ca 2+ signatures represents a major paradigm in plant signaling that involves a high level of functional specificity and flexibility in information processing (Kolukisaoglu et al., 2004) . OsCIPK15 has been proposed to regulate carbohydrate catabolism and fermentation through the SnRK1A-MYBS1-mediated sugar signaling pathway when rice is suffering from O 2 deficiency (Lee et al., 2009) . However, the underlying mechanism of how the low-O 2 signal is transmitted to OsCIPK15 and whether other OsCIPK15 homologs are present and regulate genes involved in carbohydrate metabolism in flooding-intolerant plant species are largely unknown. In this study, as an important step toward the systematic functional characterization of the rice CBL-CIPK family under hypoxic stress, all the putative rice CBL and CIPK genes were screened for changes in expression upon hypoxia stress germination in two typical rice cultivars. Our results suggested that the OsCBL and OsCIPK genes elicit different responses to hypoxia stress during germination. The rice CBL-CIPK family was extensively regulated by flooding at the transcript level (Figures 3c and 5a ). Among the 10 OsCBLs and 30 OsCIPKs, 11 genes were found to be induced, and three genes were found to be inhibited by hypoxia stress during germination (Figures 3c  and 5a ), which may provide alternative starting points for decoding Ca 2+ signatures in rice responses to hypoxia stress. Although the transcript levels of most OsCBL and OsCIPK genes were upregulated during flooding germination, the upregulation of a few genes did not exhibit significant differences between the hypoxia-tolerant and hypoxia-intolerant cultivars. Although the OsCIPK15 transcript levels displayed consistency between the floodingtolerant and flooding-intolerant cultivars, its protein levels correlated with the abundance of the OsCBL10 transcripts. However, no direct interaction has been detected between OsCBL10 and OsCIPK15 ( Figure S12 ). The above results indicate that OsCBL10 does not regulate OsCIPK15 transcription, but rather its protein stability post-transcriptionally. The higher expression of OsCBL10 affected the calcium flux during flooding treatment, which may, in turn, affect the protein abundance of OsCIPK15. However, the mechanism of this process is unclear. Previous investigations indicate that, in addition to the CIPK family, CBL can interact with other proteins to relay calcium signals in more diverse ways (Oh et al., 2008; Monihan et al., 2016) . Thus, OsCBL10 may interact with other unknown protein partners that in turn affect OsCIPK15 protein accumulation or stability. Furthermore, the binding of Ca 2+ may directly affect the protein stability of OsCIPK15 or interfere with the 26S protein degradation pathway. Additional possibilities may arise from the ability of Ca 2+ to alter the protein phosphorylation status (i.e. OsCIPK15) through certain protein kinases or phosphatases (Klaus et al., 1997) , which may, in turn, affect the protein stability of OsCIPK15. Further studies will focus on identifying potential CBL10-interacting proteins that might function coordinately with OsCBL10 in response to flooding stress.
In conclusion, the natural variation in the promoter sequences at the OsCBL10 locus provides an alternative strategy for lowland japonica cultivars to cope with flooding stress during rice germination. The T-type promoter preferentially downregulates OsCBL10 transcripts in response to flooding. Thus, the OsCBL10 transcript levels were low in the flooding-tolerant rice cultivars. Additionally, the OsCBL10-OE lines were flooding-sensitive compared with the WT lines. The changes in the OsCBL10 transcript levels correlated with the OsCIPK15 protein levels and with the downstream sugar-sensing cascade in terms of a-amylase activity. These results suggest that OsCBL10 communicates the initial calcium signal, may localize upstream of OsCIPK15 and negatively regulates the downstream sugar-sensing pathway to generate energy through fermentative metabolism to achieve flooding tolerance by affecting the protein abundance of OsCIPK15 (Figure 7) . Moreover, this regulation is accomplished by controlling elements at its promoter region, which remain to be elucidated.
EXPERIMENTAL PROCEDURES Plant materials and stress treatments
Ten rice cultivars (O. sativa; Table S2 ) were planted from May to October each year, and ripened seeds were harvested at the same time. Only freshly harvested seeds were used for the experiments. Mature rice seeds were sterilized with 1.5% (v/v) sodium hypochlorite and rinsed with double-distilled water (ddH 2 O).
The OsCBL10 coding sequence was cloned from Nipponbare and ligated to the pOX binary vector (35S::CBL10) for the generation of the OE lines. Agrobacterium strain LBA4404 containing 35S::CBL10 was used for transgenic rice generation on the Nipponbare background. RT-PCR was used to validate the expression level of OsCBL10 ( Figure S3A ) for the selection of suitable OE lines in subsequent experiments. The 5 0 -flanking sequences of the japonica-type and indica-type rice were cloned into the pBI121 vector for the generation of the GUS lines. To generate the OsCBL10-Cas9 knockout mutants, 20-bp conserved bases were selected as a target and were ligated to the pYLCRISPR/gRNA vector. The final plasmid was constructed in the pYLCRISPR/Cas9-MTmono vector after dual-nested PCR according to a previous description (Ma et al., 2015) .
For germination in air, the seeds were placed on 3M filter papers wetted with water in a 15-ml centrifuge tube. For germination under water, seeds were placed in a 15-ml centrifuge tube, hypoxic water (bubbled with N 2 gas until the O 2 concentration was 0.9-1.0 mg L À1 measured with a dissolved oxygen meter) was carefully poured into the tube to avoid any air bubbles, and the tubes were sealed with lids. Seeds were germinated at 28°C under conditions of 16 h light (400-450 mol m À2 sec À1 )/8 h dark. Hypoxia treatment was performed using a Whitley H35 hypoxystation (Don Whitley Scientific, Shipley, UK) with the preset parameters (i.e. 3% O 2 , 28°C, and 16 h light/8 h dark cycles).
Determination of rice seedling growth
The heights of the seedlings grown in the air or underwater were measured daily for up to 10 days. The slopes of the growth curves were determined for each rice variety with a linear regression equation. The relative growth rate was calculated by dividing the slope of the seedlings grown underwater with that in the air, and was presented as a percentage. Ten seedlings per replicate and three replicates were used for each rice variety under each treatment. After flooding stress, the seeds and seedlings were grown normally in air for 10 consecutive days. Seedlings showing continuous growth were determined to be individuals that survived. The survival rate of the seeds was calculated by dividing the number of surviving seeds by the total number of seeds.
Assay of Ca 2+ flux in rice coleoptiles
The Ca 2+ flux in rice coleoptiles was measured non-invasively using a scanning ion-selective electrode technique (NMT-YG-100, Younger, USA LLC, Amherst, MA 01002, USA) with ASET 2.0 (Sciencewares, Falmouth, MA 02540, USA) and iFluxes. Rice seedlings under hypoxia stress were equilibrated in measuring solution (0.1 mM CaCl 2 , 0.1 mM KCl and 0.3 mM MES, pH 6.0) for 20-30 min and then transferred to a measuring chamber Figure 7 . Model of CBL10-mediated flooding tolerance among rice cultivars. The variation in the CBL10 promoter regions between flooding-tolerant and flooding-intolerant cultivars leads to differential expression of CBL10 among these cultivars in response to flooding during seed germination. This difference indirectly affects the CIPK15 protein accumulation. Flooding-tolerant cultivars have the T-type promoter, which maintains the low expression of CBL10, subsequently induces CIPK15 accumulation and increases the aamylase activity to elongate the coleoptile in response to flooding treatment. In contrast, flooding-intolerant cultivars have the I-type promoter, which can induce the expression of CBL10 and in turn downregulate the CIPK15 protein accumulation and downstream a-amylase activity.
containing 2-3 ml of fresh measuring solution. The Ca 2+ -selective microelectrode was moved 30 lm closer to the plant material, and data were collected every 6 sec. The Ca 2+ -selective microelectrode with an approximately 4-lm diameter external tip was pre-pulled, salinized and backfilled with 100 mM CaCl 2 to a length of approximately 1.0 cm from the tip and 15-50 lm columns of Ca 2+ -selective liquid ion-exchange cocktails (XY-SJ-Ca, Younger). An Ag/ AgCl wire electrode holder (XY-DJGD, Younger) was inserted into the back of the electrode to make an electrical contact with the electrolyte solution. YG003-Y05 (Younger) was used as the reference electrode. The electrode was moved to several positions using a predefined sampling routine to determine the test site.
Chemical treatments
Rice seeds were treated with various chemicals during flooding germination. TFP (Sigma-Aldrich, St Louis, MO 63103, USA) was used as a CaM antagonist (Li et al., 2012; Roy et al., 2013) , and cyclosporine A (Sigma) was used as a CBL inhibitor (Jiang et al., 2011) . The solutions used to dissolve the chemicals were bubbled with N 2 gas until the O 2 concentration was 0.9-1.0 mg L À1 when measured with a dissolved oxygen meter.
RT-PCR and quantitative (q)RT-PCR
Total RNA was extracted from the rice samples with a Plant RNA Isolation Mini Kit (Agilent Technologies, Santa Clara, USA). Single-stranded complementary DNA (cDNA) was synthesized from 4 lg of total RNA with oligo (dT) primers using M-MLV Reverse Transcriptase according to the manufacturer's instructions (Thermo Fisher Scientific-Affymetrix, Waltham, USA). The cDNA mixture was diluted fourfold with ddH 2 O to reduce the amount of cDNA template for end-point RT-PCR. RT-PCR was performed in a 25-ll reaction mixture containing 4 ll of diluted cDNA solution, 2.5 ll of 10 9 PCR buffer, 0.1 lM primers, 0.2 mM deoxynucleotide triphosphates and 1.25 U of Taq DNA polymerase (TAKARA, Dalian, China). The number of cycles for PCR amplification with each primer pair was adjusted to be in the linear range. qRT-PCR was performed using an Mx3000p qPCR System (Agilent) with the iQ SYBR Green Supermix (Bio-Rad, Hercules, USA). The data were normalized to the amplification of the rice a-tubulin gene. For each sample, the mean value from three qRT-PCR data points was adapted to calculate the transcript abundance. The data were then plotted with the standard deviation (SD).
Identification and analysis of the OsCBL10 promoters in different rice cultivars
According to the released sequence of the rice genome, including the O. sativa japonica and indica groups (http://www.gramene. org), primers (Table S3) were designed for the japonica (Accession No.Os01 g51420) and indica (Accession No.OsIBCD003890) CBL10 promoter sequences. Total DNA was extracted from the leaves of 10 rice varieties with the DNeasy Plant Maxi Kit (Qiagen, Duesseldorf, Germany). PCR was performed in a 25-ll reaction mixture containing 1 ll of DNA solution, 2.5 ll of 10 9 PCR buffer, 0.1 lM primers, 0.2 mM deoxynucleotide triphosphates and 1.25 U of Taq DNA polymerase (TAKARA, Dalian, China). The PCR products were sequenced to determine the 5 0 -flanking sequences of OsCBL10 in the various rice cultivars. BLAST (http://www.ncbi. nlm.nih.gov) was used to analyze the 5 0 -flanking sequences of OsCBL10 among the different rice cultivars. PlantCARE (http:// bioinformatics.psb.ugent.be/webtools/plantcare/html/) and PLACE (http://www.dna.affrc.go.jp/database/) were used to predict the ciselements.
Transient expression assays in tobacco leaves
Tobacco plants were grown in a greenhouse for 5 weeks (10-12 days on MS plates, followed by transfer to soil). The Agrobacterium tumefaciens strain GV3101 harboring pCAMBIA1301-J88:: GUS, pCAMBIA1301-I6::GUS and pCAMBIA1301-35S::GUS was injected into the tobacco leaves using a 1-ml plastic syringe. Then, 100 ll of bacterial suspension was injected into each spot (typically 3-4 cm 2 in infiltrated areas). The plants were returned to the greenhouse and watered in the dark. Two days after infiltration, the tobacco plants were treated under flooding conditions for 24 h, and samples were then collected for GUS activity quantification.
GUS activity assays
Fluorometric assays to determine GUS activity were conducted as described previously . Briefly, total plant protein was extracted using extraction buffer containing 50 mM sodium phosphate buffer (pH 7.0), 10 mM EDTA-disodium salt, 0.1% sodium dodecyl sulfate, 0.1% Triton X-100 and 10 mM mercaptoethanol. For each reaction mix, the supernatant (50 ll) and extraction buffer (150 ll) containing 1 mM 4-methylumbelliferyl-Dgalactopyranoside (4-MUG; Invitrogen) substrate were used. Excitation at 360 nm and emission at 450 nm were used to measure the fluorescence. GUS activity (nmol 4-MU min À1 mg À1 protein) was then normalized to the total protein concentration. The protein quantity was determined with the Bradford reagent (SigmaAldrich) using bovine serum albumin (Sigma-Aldrich) as a control. Each data point was the mean value from six biological replicates. The experiments were repeated twice.
Histochemical GUS staining assays
Histochemical GUS staining in Arabidopsis was conducted as described previously . Plant materials were harvested and incubated in GUS staining buffer containing 50 mM sodium phosphate (pH 7.5), 2 mM K 3 Fe(CN) 6 , 2 mM K 4 Fe (CN) 6 , 0.1% (v/v) Triton X-100 and 1 mg ml À1 X-Gluc. Samples were vacuum-infiltrated for 1 h followed by a 4-h incubation at 37°C. Chlorophyll was subsequently removed using 70% ethanol. Light microscopy was used to view and capture the stained samples.
Amylolytic activity assays
Total soluble proteins (TSPs) were extracted from embryos and endosperms as described previously (Cui et al., 2009) . For the ingel zymogram assay, 10 lg of TSPs was separated via 10% native polyacrylamide gel electrophoresis at 4°C. The total amylolytic activity was assayed without heating the protein extracts. a-Amylase (EC 3.2.1.1)-specific activity was assayed by heating protein extracts containing 3 mM CaCl 2 at 70°C for 15 min to inactivate b-amylase, debranching enzyme and a-glucosidase (Sun and Henson, 1991) . The enzyme reactions were performed in an assay buffer (50 mM sodium acetate, pH 6.0 and 10 mM CaCl 2 ) containing 1% boiled soluble potato starch and incubated at 37°C for 1 h. The amylolytic activity was detected by staining the gel with 0.6% iodine in a potassium-iodine solution. Liquid assaying of amylolytic activities was determined by the release of reducing sugars from soluble starch by modification of a previously described method (Lee et al., 2009 ). For total amylolytic activity, 100 lg of TSPs was assayed in the same assay buffer described above but containing 2% boiled soluble potato starch and incubated at 37°C for 1 h. For the a-amylase activity assay, 100 lg of TSPs was heat-treated (70°C for 15 min in the presence of 3 mM CaCl 2 ; Sun and Henson, 1991) . An aliquot (100 ll) was taken from the assay mixture and treated with 100 ll of reaction termination buffer (0.1 N NaOH) and 100 ll of 3,5-dinitrosalicylic acid (DNS) solution (containing 40 mM DNS, 400 mM NaOH and 1 M K-Na tartrate; heated at 50°C; and filtered through filter paper) for 5 min at 100°C. After dilution with 600 ml of distilled water, the absorbance was measured at 540 nm, and the reducing power was evaluated with a glucose (0-20 mmol) standard curve. One enzymatic unit is defined as the amount of enzyme that releases 1 mmol of glucose in 1 min.
Western blot analysis
A CIPK15-specific antibody was produced against synthetic peptides (5 0 -VRRHYEALVEDVAAI-3 0 , amino acid residues 64-79) derived from CIPK15. Polyclonal anti-a-Amy3 antibody (Agrisera, V€ ann€ as, Sweden) and mouse monoclonal antibody against atubulin (Sigma-Aldrich) were purchased. The TSPs from the amylolytic activity assay were used for Western blot analysis as described previously (Lu et al., 2007) . Horseradish peroxidase-conjugated antibody against rabbit immunoglobulin G (Thermo) was used as a secondary antibody. Protein signals were detected by chemical luminescence with ECL (Thermo). Tubulin protein was used as an internal control.
ACCESSION NUMBERS
The following protein accessions were examined in this study: OsCBL1 (LOC_Os10 g41510), OsCBL2 (LOC_Os12 g40510), OsCBL3 (LOC_Os03 g42840), OsCBL4 (LOC_Os05 g45810), OsCBL6 (LOC_Os12 g06510), OsCBL10J (LOC_Os01 g51420), OsCBL10I (OsIBCD003890), OsCIPK01 (LOC_Os01 g18800), OsCIPK05 (LOC_Os01 g10890), OsCIPK08 (LOC_Os01 g35184), OsCIPK15 (LOC_Os11 g02240), OsCIPK14 (LOC_Os12 g02200), OsCIPK19 (LOC_Os05 g43840), OsCIPK20 (LOC_Os05 g11790), OsCIPK30 (LOC_Os01 g55440), OsAmy3 (LOC_Os08 g36910), -Tubulin (LOC_Os07 g38730), OsTPP1 (LOC_Os02 g44230), OsTPP2 (LOC_Os06 g11840), OsTPP7 (LOC_Os02 g51680).
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